Abstract An integrated image-guided therapeutic phased array system for non-inv=ive surgical applications is being developed. The therapeutic array utilizes piezocomposite transducer technology and operates (therapeutically) at 1 and 2 MHz. It has 64 elements on a spherical shell with a geometric center at 100 mm from its apex. The array was shown to be capable of producing well defined thermal lesions in tissue media at depths from 40 to 60 mm and to scan therapeutic foci up to + 15 mm from its geometric center. Image guidance is provided by a modified diagnostic ultrasound scanner which, in addition to providing standard B-scan images of the target region, provides real-time images of the temperature rise due to the therapeutic beam. The temperature information is obtained using a correlation based algorithm for echo displacement estimation, which can be directly related to local variation in tissue temperature due to the therapeutic beam. A complete description of the system will be given along with illustrative examples of image-guided tissue ablation and temperature estimation and control. In addition, experimental data demonstrating the use of the therapeutic array in an imaging mode will be presented.
NON-INVASIVE SURGERY USING HIFU
High-intensity focused ultrasound (HIFU), in the frequency range of 500 kHz to 10 MHz, has been used in a wide range of therapeutic applications.
For example, HIFU was demonstrated to have significmt promise is in non-invasive tissue ablation for cancer treatment and in surgery. As early as the 1950s, Fry and coworkers' at the University of Illinois have shown that the production of very precise ablation patterns in cat brains in-vivo is feasible.
Phased array applicators were recently developed for hyperthermia and other HEU applications.
Phased arrays offer significantly improved cent rol features that will be needed for precision lesion formation at depth in the presence of tissue inhomogeneity and patient/applicator movement. This is due to the electronic focusing capability of these applicators which can be performed dynamically at electronic speed to track the target (e.g., tumor) in real-time for the duration of the treatment. Effects of tissue inhomogeneities can be compensated for simply by the proper choice of the phases of the array elements.
A number of optimal phming schemes were developed to refocus any array in the presence of tissue inhomogeneity breed on minimally-invasive acoustic feedback using miniature probes. Therefore, the availability of this kind of feedback will allow for the use of arbitrary array geometries with multiple acoustical windows to maximize the power deposition to the target region. Another important feature unique to ph~ed array system is their ability to dynamically synthesize optimal multiple-focus patterns.2 Multiple focus pattern can be used to simultaneously heat multiple target points without the need for scanning. They could prove essential for the reduction of the treatment time for HIFU procedures.'
Despite the obvious advantages of HIFU for non-invasive therapeutic application and the availability of advanced phased-array applicator systems capable of precision lesion formation at depth, HIFL-is not yet a widely accepted modality in the clinic either for normal hyperthermia or for surgery. Some of the main reasons behind this lack of progress in clinical utilization of HIFU are as follows:
1. Incomplete understanding of the limits on the use of HIFU to adequately heat specified volumes (e.g., tumors) at depth in the presence of tissue inhomogeneities and/or shadowing bone structures.
2. Lack of real-time non-invmive high-resolution temperature feedback throughout the treatment volume.
3. Lack of quantitative non-invasive measurement of tissue response to HIFU fields (especially important for tissue ablation).
That is, we still do not have a noninvasive measurement for determining if a desired therapeutic end-point has been reached, nor do we have a non-invasive means for measuring thresholds for irreversible tissue thermal damage in-vivo.
The availability of high power piezocomposite transducer technology will almost certainly be the answer to the first problem.
It is safe to say that phased arrays will be utilized in precision lesion formation even in the presence of strongly scattering obstacles, e.g., the rib cage.3 Solving the second and third problems will lead to a guidance and visualization mechanism for the therapeutic beams based on a well established imaging modality.
This may be considered the "enabling technology" that will finally help HIFU surgery gain widespread acceptance by the medical community. At this point, LIRI' and B-scan ultrasound are being used. These two methods (especially MRI) clearly illustrate that guidance visualization of the effects of therapeutic beams can be achieved. Both MRI and ultr=ound, in addition to X-ray CT, can be used in image guidance due to the temperature sensitivity of the me=ured parameters.
IMAGE GUIDANCE
For all three imaging modalities, the HIFU beam can be initially applied to produce a small detectable, but non-destructive temperature change at the desired target. The resulting temperature profile is estimated by the imaging system.
If the therapeutic beam is determined to be focused properly at the target, the therapeutic beam is applied with sufficiently high intensity to cause tissue damage. Otherwise, it is refocused until the focal spot size and location are properly adjusted within the desired target region. In the area of image guidance, ultrasound holds an edge over the other two modalities in terms of both temporal and spatial resolutions which allows for excellent characterization of the heating spots due to the therapeutic beams in realtime.
In this presentation, a combined imaging/therapy phased array prototype is described. This system has been used and was shown to successful produce well defines lesions, both in-vitro ana in-vivo at depth. The therapeutic array consists of 64-elements of piezocomposite transducer material.
A new realtime 2D temperature imaging algorithm was aeveloped to proviae image guiaance. The algorithm is basea on post processing of beamformea raaio-frequency (RF) data from a moaifiea commercial B-scan diagnostic imaging system. Using a complex crosscorrelation techniques, echo shifts in the RF aata are estimated ana are related to (localized) changes of tissue temperature within the heated region. The sensitivity and the spatial resolution of the temperature estimation algorithm have been aemonstratea experimentally.s The algorithm is sensitive to subdegree changes in tissue temperature ana h= a spatial resolution on the order of 1 -2 mm. Recently, we have demonstrated that the 64-element therapeutic array can be used in imaging moae to produce images and temperature estimates from the heated region. This is the first step towards the development of a self-guided therapeutic array system for non-invasive surgery. A description of our combines system will be given along with illustrative examples of experimental data.
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